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The formation of palladium silicide thin films from Pd/Si(110) and Pd/Si(001) systems with and without a Ti intermediate layer has been
investigated. The existence of a Ti layer could improve the thermal stability of Pd2Si thin layers in Pd/Ti/Si(001). In addition, an epitaxial or highly
oriented Pd2Si layer is formed in Pd/Ti/Si systems. However, the roughness of the Pd2Si/Si interface is observed in Pd/Ti/Si(110) systems,
while the flatnesses of the Pd2Si/Si interface is observed in Pd/Ti/Si(001). # 2011 The Japan Society of Applied Physics
1. Introduction
Three-dimensional (3D) devices, such as fin-field-effect
transistors (Fin-FET), are one of the promising candidates to
replace classical planar metal–oxide–semiconductor field-
effect transistors (MOSFETs) for future complementary
metal–oxide–semiconductor (CMOS) technologies due to
the multigate configuration of the FET device leading to an
intrinsically superior short-channel effect (SCE) control.1–4)
A major concern for Fin-FETs is the increase in the parasitic
source-drain resistance (Rsd) as the fin width is scaled. As
fins must be narrow in order to control SCEs, the reduction
in Rsd is a critical issue. It has been reported that one of
methods to reduce the Rsd is the source/drain (S/D) contact
configuration of the Fin-FET structure.4,5) Okuyama et al.5)
have calculated the drain current–gate voltage (ID–VG)
characteristics of Fin-FETs with top and wrapped contact
configurations. They concluded that the Rsd causes a
driving-current decrease for the top contact configuration
compared with the wrapped contact configuration.
Considering the Fin-FET configuration as mentioned in
refs. 4 and 5, the electron mobility in the channel on a
Si(001) surface and the hole mobility in the channel on a
Si(110) surface are the largest among those observed for
various surface orientations,6,7) one way to implement these
two different crystal orientations is to align silicon fins to be
parallel to the (001) orientation for NMOS or parallel to the
(110) orientation for PMOS on a Si(110) wafer. Therefore,
in the S/D wrapped contact configuration, we have to
consider the interfaces between metal silicides and the
silicon surface, i.e., (110) and (001) interfaces, in order to
increase the Fin-FET performance.
Here, palladium (Pd) silicide is potentially attractive from
the viewpoint of contact materials for ultrathin silicide films
on shallow junctions because Pd forms a metal-rich silicide,
Pd2Si,
8,9) which remains stable up to 700 C after the
formation at a low temperature, and the consumption of Si
for the Pd2Si formation is smaller than those of conventional
silicides, such as NiSi, CoSi2, and TiSi2.
10) However, the
agglomeration of Pd2Si has been a serious problem that
results in the degradation of metal contact (S/D) perfor-
mance in MOSFET applications. We previously reported
that Pd2Si agglomeration occurs at temperatures of 550–
600 C in Pd/Si(001) systems.11,12)
In general, an epitaxial layer is defined as the growth of a
single-crystal overlayer on the surface of a single-crystal
substrate. Using this definition, epitaxy is typically limited
to homointerfaces (e.g., Si on Si) or heterointerfaces with
similar crystallographic structures and lattice constants (e.g.,
SiGe on Si). Nevertheless, materials with dissimilar crystal-
lographic structures may also grow in a distinctively ordered
way on the surface of a single-crystal substrate. Thus, in
this paper, the term ‘‘epitaxial’’ is used to describe the
preferential orientation of the grains within such textured
layers. It should be noted that several types of epitaxially
matching grains may coexist within the same layer.
Previously, we reported that epitaxial or highly oriented
Pd2Si layers can be formed on a Si(001) substrate using a Ti
intermediate layer with and without heavy B-doping at
annealing temperatures of 300–600 C.12) In addition, the
agglomeration of Pd2Si in Pd/Ti/Si(001) can be suppressed
with the epitaxial growth of Pd2Si layers at 600
C with and
without heavy B-doping. The flatnesses of the Pd2Si/Si(001)
interface were similar with and without heavy B-doping. It
seems that the doping of boron atoms on a Si substrate in a
Pd/Ti/Si(001) system does not significantly affect the
epitaxial Pd2Si formation. Hoffman et al.
13) reported that
heteroepitaxial Pd2Si can be formed by the predeposition of
a Ti intermediate layer (0.1–1.5 nm) prior to the deposition
of Pd (3 nm) on Si(001) and Si(111) at 250 C. To our
knowledge, no one has reported the formation of Pd2Si using
a Ti intermediate layer on a Si(110) substrate. Considering
the formation of wrapped contacts for Fin-FET structures on
Si(110) substrates, it is necessary to clarify the properties of
Pd silicide thin layers on a Si(110) surface. In this study, we
investigated the growth and thermal stability of Pd silicide
thin films on Si(110) substrates with and without a Ti
intermediate layer.
2. Experimental Methods
The substrates used were n-type Si(110) wafers with a
resistivity of 1–2 cm. After the standard acid treatment,
the wafers were dipped into a diluted HF solution and rinsed
for 5 s in deionized water in order to remove the surface
oxide and to obtain H-passivated surfaces.14) Immediately,
the wafers were loaded into a ultrahigh-vacuum (UHV)
chamber.
10-nm-thick Pd and 2-nm-thick Ti layers followed by a
10-nm-thick Pd layer were formed on the substrates by
electron gun evaporation in a UHV chamber whose base
pressure was below 1 106 Pa. Hereafter, these samples
were called Pd/Si(110) or Pd/Ti/Si(110) samples, respec-
tively. The samples were successively annealed at 300 C in
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the same chamber for 10min, and then, they were exposed to
atmosphere. Some samples were additionally annealed at
temperatures ranging from 400 to 600 C for 30 s in N2
ambient using a rapid thermal annealing (RTA) system. X-
ray diffraction (XRD) analysis using a Cu K source, cross-
sectional transmission electron microscopy (XTEM), and
scanning electron microscopy (SEM) were performed to
determine the crystalline structures and morphologies of the
films. For comparison, we also present the experimental data
of Pd/Si(001) and Pd/Ti/Si(001) systems, which have
similar experimental conditions to Pd/Si(110) and Pd/Ti/
Si(110) systems.
3. Results and Discussion
Figure 1 shows the XRD 2 spectra of Pd/Si(110) and
Pd/Si(001) samples without a Ti intermediate layer after
annealing at 300 C for 10min and the additional RTA at
400–600 C for 30 s. Similar diffraction peaks related to
Pd2Si are observed in both Pd/Si(110) and Pd/Si(001)
samples regardless of the annealing temperature. However,
the intensities of these peaks at the same peak position
between the Pd/Si(110) and Pd/Si(001) samples are
different. Two major diffraction peaks at about 38.10 and
53.70 are identified as Pd2Si 111 and 002, respectively.
Figure 2 shows the XRD 2 spectra of Pd/Ti/Si(110) and
Pd/Ti/Si(001) samples after annealing at 300 C for 10min
and the additional RTA at 400–600 C for 30 s. In contrast
to the Pd/Si systems, the peaks of Pd2Si in the Pd/Ti/
Si systems are weaker and not many. The major Pd2Si
peak is only 111 at about 38.10 in the Pd/Ti/Si(110)
samples and 311 at about 65.83 in the Pd/Ti/Si(001)
samples.
We performed XRD 2=! spectral analysis to determine
why the peaks of Pd2Si in the Pd/Ti/Si systems weaken,
which is likely caused by the formation of an epitaxial or
highly oriented Pd2Si layer. The XRD 2=! spectra clearly
revealed that an epitaxial or highly oriented Pd2Si layer is
formed in Pd/Ti/Si samples after annealing at 300–600 C,
as shown in Fig. 3. Only the highly oriented Pd2Si 111 is
formed in Pd/Ti/Si(110) samples, while the highly oriented
Pd2Si 110 and PdSi 211 are formed in Pd/Ti/Si(001)
samples. These peaks do not appear on the samples without a
Ti layer (not shown). It is considered that a Ti intermediate
layer controls the interfacial reaction for the formation of an
epitaxial or highly oriented Pd2Si layer.
The grain size of Pd2Si crystallites for each orientation
sample can be estimated from the diffraction profiles by
using the following Scherrer formula:15)
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Fig. 1. XRD (2) profiles of the (a) Pd (10 nm)/Si(110) and (b) Pd
(10 nm)/Si(001) systems without Ti interlayer after annealing at 300–
600 C.
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Fig. 2. XRD (2) profiles of the (a) Pd (10 nm)/Si(110) and (b) Pd
(10 nm)/Si(001) systems with Ti interlayer after annealing at 300–600 C.
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B ¼ K
t  cos  ; ð1Þ
where B is the grain size,  is the wavelength of the X-ray, t
is the full-width at half maximum (FWHM) of the diffraction
peak, and  is the Bragg angle. The correction factor K
contains information about temperature, internal stress, and
so forth, and its value is generally 0.9.16) These parameters
are estimated by Gaussian fitting for a diffraction peak at a
certain orientation in Figs. 1 and 2. On the basis of the shape
and strength of the intensity profile, the grain size is
calculated from the Pd2Si 111 and 002 lattice planes in the
Pd/Si systems and from the FWHM values of XRD peaks
related to the Pd2Si 111 lattice plane for Pd/Ti/Si systems.
The dependences of Pd2Si grain size on the annealing
temperature in Pd/Si and Pd/Ti/Si samples are shown in
Figs. 4 and 5, respectively. Figure 4 shows that the
difference in grain size calculated from the FWHM values
of XRD peaks related to Pd2Si for 111 and 002 lattice planes
is small for both Si(110) and Si(001) samples in the Pd/Si
systems. The grain size of Pd2Si slightly increases with
annealing temperature in Pd/Si(110) and Pd/Si(001)
samples. On the other hand, Fig. 5 shows that grain sizes
related to Pd2Si for 111 lattice planes increase after
annealing at 400 C for the Pd/Ti/Si(110) samples. In
contrast, these grain sizes are almost similar after annealing
at 400 C for the Pd/Ti/Si(001) samples. These results
indicate that the Pd2Si layers are formed during the first-step
annealing at 300 C, and we consider that the growth rate of
Pd2Si in Pd/Ti/Si(110) systems is markedly higher than that
of Pd2Si in Pd/Ti/Si(001) systems as annealing temperature
increases during the second-step RTA.
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Fig. 3. XRD (2=!) profiles of the (a) Pd (10 nm)/Si(110) and (b) Pd
(10 nm)/Si(110) systems with Ti interlayer after annealing at 300–600 C.
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Fig. 4. Grain sizes of (a) Pd2Si 111 and (b) Pd2Si 002 after annealing
from 300 to 600 C in Pd (10 nm)/Si(110) and Pd (10 nm)/Si(001) systems.
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Fig. 5. Grain sizes of Pd2Si 111 after annealing from 300 to 600
C in
Pd (10 nm)/Ti (2 nm)/Si (110) and Pd (10 nm)/Ti (2 nm)/Si(001) systems.
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Figures 6(a) and 6(b) show SEM images of the Pd/
Si(110) and Pd/Si(001) samples, respectively, after anneal-
ing at 600 C for 30 s. The agglomeration of Pd2Si layers and
the Si-exposed area corresponding to dark regions are
clearly observed in both Pd/Si(110) and Pd/Si(001)
samples. On the other hand, Si-exposed regions hardly
appear in both Pd/Ti/Si(110) and Pd/Ti/Si(001) samples at
600 C, as shown in Figs. 6(c) and 6(d). Nevertheless, the
surface roughness of the Pd/Ti/Si(110) samples is more
uneven than that of the Pd/Ti/Si(001) samples. It is
considered that agglomeration is not suppressed by using a
Ti intermediate layer in Pd/Ti/Si(110) systems, while it is
suppressed by using a Ti intermediate layer in Pd/Ti/
Si(001) systems.
Figures 7(a)–7(d) show cross-sectional TEM images of
the following samples after annealing at 600 C: (a) the Pd/
Si(110), (b) Pd/Si(001), (c) Pd/Ti/Si(110), and (d) Pd/Ti/
Si(001) samples. A polycrystalline Pd2Si layer consisting of
domains with wedge-shape interfaces is clearly observed in
Figs. 7(a) and 7(b) in the case without a Ti intermediate
layer. Domains with facets are also observed in the Pd/Ti/
Si(110) sample, as shown in Fig. 7(c). In contrast, Fig. 7(d)
shows a flat Pd2Si/Si interface in the Pd/Ti/Si(001) sample.
Considering that the dominant diffusion species during the
formation of Pd and Ti silicides are Pd and Si, respec-
tively,17,18) it is considered that, during annealing for
silicidation, Pd atoms should diffuse into the Si substrate
through a Ti intermediate layer to form an epitaxial Pd2Si
layer, and Si atoms should diffuse upward to form Ti
silicides. Finally, the stacked layer structure consisting of a
Ti silicide surface layer and a Pd2Si layer on a Si substrate is
formed.
Here, we deduced the model of the dependence of the
interfacial reaction on annealing conditions. In general, a
Pd2Si layer is formed by a diffusion-controlled process at
temperatures ranging from 100 to 700 C.19) In the case of
annealing at a temperature of as low as 600 C in Pd/Si
systems, Pd atoms directly diffuse through Si and the Pd2Si
domain rapidly grows. As a result, Pd2Si grains easily
agglomerate either on Si(110) or Si(001) substrates. On the
other hand, in the case of Pd/Ti/Si systems at a temperature
of 600 C, the diffusion of Pd atoms through a Ti
intermediate layer is suppressed compared with that in the
case of Pd/Si systems. The nucleation of epitaxial Pd2Si
simultaneously and densely occurs. Consequently, the
uniform growth of a Pd2Si layer preferentially takes place,
i.e., the area of {100} facets decreases and a flat interface is
formed. However, the Ti intermediate layer does not
effectively retard the diffusion of palladium into the silicon
in the Pd/Ti/Si(110) systems. This can be due to the growth
rate of Pd2Si being higher on Si(110) than on Si(001), as
shown in Fig. 5.
As mentioned earlier, in both the Pd/Si(110) and Pd/
Si(001) samples, polycrystalline Pd2Si is initially formed at
low-temperature agglomerates after the additional RTA
above 600 C. On the other hand, in the Pd/Ti/Si(001)
sample, a continuous epitaxial Pd2Si layer is uniformly
formed after low-temperature annealing. During the sub-
sequent high-temperature RTA, this Pd2Si layer still remains
without forming other phases; thus, the agglomeration of the
silicide layer hardly occurs owing to the high thermal
stability of the epitaxial Pd2Si layers on the Si(001)
substrate. As a result, the film morphology of the epitaxial
Pd2Si layer in the Pd/Ti/Si(001) system remains relatively
smooth. In the image shown in Fig. 7(d), the Pd2Si/Si(001)
interface is flat. In contrast, in the Si(110) cases, a flat Pd2Si/
Si interface is hardly observed with and without a Ti
intermediate layer.
Yamaguchi et al. observed that the interface between NiSi
and a Si(110) substrate is not flat after annealing at 550 C.20)
NiSi grows in the h110i direction on the Si(110) substrate
and this phenomenon is named NiSi encroachment. They
concluded that the encroachment can increase the leakage
current, diminishing the CMOS performance. Considering
the TEM images in Figs. 7(a) and 7(c), we speculate that the
Pd2Si encroachment also occurs in Pd/Si(110) systems after
annealing at 600 C with and without the Ti intermediate
layer. Figure 8 shows schematic illustrations of the crystal-
line Si structure viewed from the h110i and h001i directions
on Si(110) and Si(001) substrates. The spacing of the Si
lattice along the h110i direction is larger than that along the
h001i direction.21) These results indicate that Pd atoms easily
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Fig. 6. SEM images of (a) Pd/Si(110), (b) Pd/Si(001), (c) Pd/Ti/Si(110),
and (d) Pd/Ti/Si(001) samples after RTA at 600 C for 30 s.
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Fig. 7. (Color online) Cross-sectional TEM images of (a) Pd/Si(110),
(b) Pd/Si(001), (c) Pd/Ti/Si(110), and (d) Pd/Ti/Si(001) samples after
RTA at 600 C for 30 s.
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diffuse in the h110i direction, and that the Pd2Si encroach-
ment in the h110i direction preferentially occurs compared
with that in the h001i direction. As a consequence, although
the diffusion of Pd atoms is suppressed with the Ti
intermediate layer, some Pd atoms through the Ti layer
immediately react with Si atoms to form Pd silicide.
Therefore, the number of Pd atoms that react with Si is
much larger on a Si(110) surface than on a Si(001) surface
under the same annealing conditions. It is considered that
silicidation on a Si(110) substrate is faster than that on a
Si(001) substrate, as confirmed in Fig. 5. This causes the
rough Pd2Si/Si(110) interface and layer thickness variation.
4. Conclusions
We investigated the growth and thermal stability of Pd
silicide thin layers on Si(110) and Si(001) substrates with
and without a Ti intermediate layer. Polycrystalline Pd2Si is
formed in Pd/Si systems at temperatures of 300–600 C. On
the other hand, an epitaxial or highly oriented Pd2Si layer is
formed in Pd/Ti/Si systems at annealing temperatures of
300–600 C. The agglomeration of Pd2Si in Pd/Ti/Si(001)
could be suppressed by the epitaxial growth of Pd2Si at
600 C. It seems that the Ti intermediate layer does not
effectively retard the diffusion of Pd atoms in Pd/Ti/Si(110)
systems.
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